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To gain new insight into the effects of monocular deprivation, we studied the visual cortex of adult 
cats deprived of vision in one eye. Local field potentials were recorded in response to contrast 
reversal of square-wave gratings modulated in time either by pseudorandom, m-sequences or 
periodically. We have found that: (1) stimulation of the retinotopic locus of the recording site elicits 
responses with abnormal waveforms and long latencies from the deprived eye; (2) stimulation of a 
remote, non-retinotopic locus elicits responses from the non-deprived eye but not from the deprived 
eye; (3) the monocularly deprived cortex lacks lateral inhibitory interactions which are 
characteristic of the normal cortex; and (4) steady-state responses howed little difference in 
spatial-frequency tuning and contrast sensitivity between the deprived and non-deprived eye, 
mostly confornfing to earlier field-potential data in monocular deprivation. Functional lateral 
interactions appear to be greatly reduced in monocularly deprived cortex. © 1997 Elsevier Science 
Ltd 
Amblyopia Monocular lid suture 
Contrast-reversal response 
Spatio-temporal interaction Long-range lateral connections 
INTRODUCTION 
When kittens are raised with one eye closed, the sampling 
incidence Of binocular cells decreases in visual cortex, 
and the ocular dominance distribution shifts to the open, 
experienced eye (Wiesel & Hubel, 1963). The changes 
are thought o occur primarily at intracortical synapses 
(e.g., Movshon & Van Sluyters, 1981), since a substantial 
proportion of cortical cells remain responsive, albeit 
abnormally, to stimulation of the visually deprived eye in 
all cortical ayers, with the proportion being the highest 
(,~22%) in layer 4 (Shatz & Stryker, 1978). It is also 
known that deprived-eye columns in area 17 of mono- 
cularly deprived animals are reduced in width but not 
eliminated (Shatz & Stryker, 1978; Le Vay, Wiesel, & 
Hubel, 1980). In monocularly deprived cats, impairment 
of fast-conducting input has been implied by the low 
recording incidence of Y-like cells in the lateral 
geniculate nucleus (LGN) (e.g., Sherman, 1984, see also 
Shapley & So, 1980). 
Despite all these abnormalities, subthreshold afferents 
seem to persist in the monocularly deprived cortex: (1) 
many single cells responded to visual stimulation of the 
deprived eye, albeit abnormally, after acute removal of 
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the non-deprived eye (Kratz, Spear, & Smith, 1976; see 
also Crewther, Gillard-Crewther, & Pettigrew, 1978). (2) 
A large proportion of cortical cells were influenced by 
dichoptic phase-shift stimulation when the deprivation 
was not too long (Freeman & Ohzawa, 1988). (3) 
Iontophoretic injections of a GABAa-receptor antagonist 
recovered "lost" receptive fields in the monocularly 
deprived cortex (Duffy, Snodgrass, Burchfiel, & Con- 
way, 1976; Sillito, Kemp, & Blakemore, 1981). (4) 
Furthermore, intracellular recording showed the persis- 
tence of excitatory subthreshold input during electrical 
stimulation of the optic nerve of the deprived eye (Singer, 
1977; Tsumoto & Suda, 1978). Despite early success, 
however, single-unit nvestigations into the physiology of 
the abnormality have been hampered by the lack of 
somatic spike discharges beyond the input layer. 
Local field-potential recordings offer an alternative 
method of probing residual activity in visually deprived 
cortex. Previous field-potential studies using periodic 
stimulation methods have shown that considerable 
activity can be elicited by stimulation of the deprived 
eye (Snyder & Shapley, 1979: Freeman, Sclar, & 
Ohzawa, 1983; Bisti & Carmignoto, 1986; Ohashi, 
Norcia, Kasamatsu, & Jampolsky, 1991). However, these 
earlier studies did not examine the waveform of the 
residual responses. 
In normal visual cortex, visual stimulation of the 
retinotopic locus of the recording site, including the 
classical receptive field (CRF) and its immediate vicinity, 
elicited a retinotopic field potential (FLC, fast-local 
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component) in addition to single-unit discharges (Kitano, 
Niiyama, Kasamatsu, Sutter, & Norcia, 1994). Stimula- 
tion of remote, not retinotopic loci outside the CRF 
elicited a non-retinotopic signal (SDC, slow-distributed 
component) in cat area 17. Bipolarly recording field 
potentials near the projection site of the area centralis, 
SDCs were elicited by small grating patches presented as 
remote as 15-20 deg from the retinotopic locus of the 
recording electrode (Kitano et al., 1994). Thus, the SDC 
is a likely carrier of the extensive non-classical receptive 
field (Kitano et al., 1994; Kitano, Kasamatsu, Norcia & 
Sutter, 1995). 
When contrast reversal is modulated in time using a 
pseudorandom binary m-sequence (Sutter, 1992) in place 
of periodic modulation (Norcia, Tyler, Hamer, & 
Wesemann, 1989; Kitano et al., 1995), one can directly 
measure response latencies of the contrast-reversal 
potentials. At relatively high mean luminances, peak 
latencies of the FLC and SDC were ,,- 50 and ,,~ 80 msec, 
respectively (Kitano et al., 1994). In the same study, we 
found that response latencies of m-sequence-modulated 
responses became shorter when a stimulated patch was 
closer to the retinotopic locus of the recording site. This 
finding suggested that these remote, non-retinotopic SDCs 
propagated within the cortex before reaching the 
recording site. The calculated conduction velocity was 
1 m/sec or less. Both the retinotopic FLC and non- 
retinotopic SDC are intracortical signals, postsynaptic to
LGN afferent, since their generation was inhibited by 
locally infused muscimol, a GABAA-receptor agonist 
(IOtano et al., 1995; Mizobe, Schmidt, & Kasamatsu, 1995). 
The two types of local field potentials, the FLC and 
SDC, were thus interpreted as physiological correlates of 
near-neighbor and long-range lateral connections, whose 
presence has been shown anatomically (Rockland, Lund, 
& Humphrey, 1982; Gilbert & Wiesel, 1979, 1983, 1989; 
Martin & Whitteridge, 1984; Luhmann, Singer, & 
Martinez-Millan, 1990). Some of the functional proper- 
ties of the lateral connections have been studied physio- 
logically (Nelson & Frost, 1978; Nelson & Frost, 1985; 
Toyama, Kimura, & Tanaka, 1981a, 1981b; Michalski, 
Gerstein, Czarkowska, & Tarnecki, 1983; T'so, Gilbert, 
& Wiesel, 1986; Hirsch & Gilbert, 1991). The behavior 
of the FLC and SDC is not directly reflected by single- 
unit discharges, which are the output signals recorded 
from the same cortical site, suggesting that the former 
carries information which is not captured by the latter 
(Kitano et al., 1994). Therefore, we reasoned that the two 
types of local field potentials might tell us something new 
about the nature of input available in the monocularly 
deprived cortex, in which a very few visually driven 
spike discharges are obtainable by stimulation of the 
deprived eye under the usual conditions. 
In the present study, using local field potentials elicited 
by m-sequence-modulated contrast reversal, we found 
that the monocularly deprived cortex lacks lateral 
inhibitory interactions, in addition to the well-documen- 
ted disappearance of visually driven spike discharges. 
The present findings support he notion that monocular 
deprivation leads to a loss of the intracortical interactions 
which are indispensable for global visual perception (e.g., 
Spillmann & Werner, 1996). Preliminary accounts of the 
present study have appeared elsewhere (Kitano, Kasa- 
matsu, Norcia, & Sutter, 1991; Kitano, Kasamatsu, 
Norcia, Sutter & Kuroda, 1993). 
METHODS 
Preparation 
Three monocularly deprived adult cats were used. The 
lids of one eye were surgically sutured shut for 4 years, 
starting at I week of age. The cats were anesthetized with 
a gas mixture (N20:O2:CO2 = 75:22.5:2.5), supplemen- 
ted with Surital (1-2 mg/kg/hr, i.v.) and paralyzed with 
Flaxedil (10 mg/kg/hr, i.v.) for neurophysiological re- 
cording as described before (Ohashi, Norcia, Kasamatsu, 
& Jampolsky, 1991; Kitano et al., 1994, 1995). The end- 
tidal Pco2 was maintained at 3-4%. 
Electrode arrangements for field-potential recording 
First, transcortical potentials were recorded ifferen- 
tially between a cannula electrode (,-~ 10 k~ at 30 Hz) 
deep in the gray matter (P 5 mm, L 2 mm, D 1.5 mm) and 
a stainless teel machine screw implanted in the skull, its 
tip reaching the dura mater (P 3 nun, L 2 mm). Field 
potentials were thus recorded from a region in area 17 
near the projection site of the area centralis in both 
hemispheres. Technical details are given elsewhere 
(Kitano et al., 1994, 1995). 
We also used a pair of tungsten-in-glass microelec- 
trodes (Levick, 1972) to differentially record local field 
potentials from a small cortical mass. The pair was 
introduced near the projection site of the area centralis (P 
4 mm and L 1.5 mm). The exposed tips of the individual 
microelectrodes were --~ 16 pm, having resistance of 1- 
3 Mf~ at 1 kHz. The tip separation was ~ 300/~m. 
We started by plotting the CRF of isolated single units 
following the standard method in our laboratory. Briefly, 
using either a single moving- or flashing-light slit rear- 
projected on a tangent screen 57 cm in front of the cat's 
eye, we first plotted the minimum response field (Barlow, 
Blakemore, & Pettigrew, 1967) manually. Receptive- 
field properties, uch as the location and size of the field, 
best orientation and width of orientation range, direction 
selectivity, velocity tuning of light-slit movement, ON/ 
OFF responses, and responsiveness were studied over 
15 min or longer for each isolated cell. Finally, we used 
the nearly-optimal stimulus to determine ocular dom- 
inance of each cell. Ocular dominance of each recorded 
cell was classified in one of seven groups (Hubel & 
Wiesel, 1962). For field-potential recording one of the 
paired microelectrodes through which single-unit activity 
was recorded was used as the "active" electrode at a 
given site. Either electrode of the pair served for the 
purpose. 
Presentation of multiple-input stimulus 
The stimulus was contrast reversal of achromatic high- 
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FIGURE 1. Transcortically recorded field potentials in area 17 near the projection site of the area centralis of a cat (S-219) 
monocularly deprived for 4 years since soon after birth. (a, b) Stimulation of the non-deprived eye. (a) All 61 patches were 
stimulated. (b) When the central patch (bottom, position 31) was stimulated alone, a large response was elicited independent of
the brightness and sta.tic pattern surrounding the stimulus (Kitano et al., 1994). Note a first negative peak (thick arrow) with a 
latency of ~ 50 msec, followed by a second negative deflection (thin arrow) recognizable as a shoulder at ~ 80 msec. They 
seemed to correspond to the fast-local component (FLC) and slow-distributed component (SDC) obtained in the normal visual 
cortex (Kitano et al., 1994). An appreciable r sponse was also obtained by stimulating a neighboring patch alone [(b) bottom, 
position 30]. When all the 61 patches were stimulated concurrently, responses elicited by neighboring patches became 
negligible and a relatively small response was obtained only from the central patch at the retinotopic locus of the recording site 
[(a) and (b) top, position 31 ]. This strong amplitude r duction suggests he induction of lateral inhibition among the concurrently 
elicited neural responses in neighboring cortical sites (Kitano et al., 1994). (c, d) When the deprived eye was stimulated, the 
waveforms of the center esponses [(d) bottom, arrow heads, position 31] were markedly different from those of the 
corresponding responses to stimulation of the non-deprived ye [(b) bottom, position 31], showing much longer latencies. At a 
non-retinotopic patch [e.g., (d), position 30], no appreciable r sponses were elicited with either mode of stimulation (all- and 
single-area). This indicates that the long-range spatial interactions observed for the non-deprived eye are absent. 
contrast (96%) square-wave gratings. Their spatial 
frequency was set at 0.5 c/deg, at which a near-maximal 
response was obtainable,, from visual cortex of  anesthe- 
tized and paralyzed cats (Ohashi et al., 1991). The mean 
luminance of the stimuli was 15 cd/m 2. The gratings were 
shown in 5-deg hexagonal patches. They were presented 
either individually at any one locus in the visual field or 
simultaneously in a hexagonal array of  61 patches 
covering a central 45-deg field across [Fig. l(a, c)]. The 
center of the stimulus ~ray  was superimposed on that of  
the CRF of  single units. 
In "all-area stimulation" all the 61 patches were 
concurrently et independently stimulated, using an m- 
sequence with a suitable length. This method permits off- 
line extraction of  the response contribution from each 
stimulated patch (Sutter, 1992; see also below). We next 
mapped out, at least partially, the spatial representation 
(i.e., receptive field) of  field potentials by stimulating one 
patch at a time, centering the CRF and its neighborhood. 
In "single-area stimulation", all but one stimulus patch 
was static, while the single stimulus patch was modulated 
in exactly the same way as in all-area stimulation. Non- 
stimulated patches were either uniformly dark or covered 
with an unmodulated grating having the same spatial 
properties as those of  the modulated one (Kitano et al., 
1994). 
M-sequence modulat ion and extraction o f  responses 
The principle of this methodology, as applied to 
cortical physiology, has been described elsewhere in 
detail (Kitano et al., 1994). Briefly, contrast reversal was 
controlled by a complete cycle of  a pseudorandom, 
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binary m-sequence (sequence of l 's and O's). At base 
intervals of 120 msec (i.e., 8 frames of the Macintosh 
computer display), the bar grating in each patch was 
either contrast-reversed (m-sequence 1) or left unchanged 
(m-sequence 0). This relatively slow stimulation rate was 
used because we had found earlier that the non- 
retinotopic omponent was strongly suppressed at a 
faster stimulation rate (Kitano et al., 1994). The net 
recording time per run was 16 min (m-sequence length of 
213-1). The data were processed by the fast m-transform 
algorithm (Sutter, 1991). The waveform represents he 
mean response to the reversal of contrast polarity, 
regardless of the direction of the polarity of reversal. It 
is, therefore, a second-order nonlinear response compo- 
nent. 
Stimuli could be presented individually or concur- 
rently at any of 61 locations. The same m-sequence ycle 
was used for each location, but its onset was sufficiently 
delayed from one patch to another to permit he precise 
computation fthe contribution of each of the 61 patches 
to the recorded signal (Sutter, 1992). 
Spatial-frequency tuning and contrast sensitivity 
In another set of experiments, high contrast (80%), 
sinusoidal luminance gratings (mean luminance 80 cd/ 
m 2) were presented on a video monitor through a 5-deg 
aperture with a dark background (,-~ 1 cd/m2). Stimuli 
were presented in 10-sec trials during which the spatial 
frequency was either constant or swept over 17 equal 
steps between 0.4 and 5.5 c/deg. The amplitude and 
phase of the second harmonic of the stimulus temporal 
frequency (4-15 Hz, 8-20 contrast reversal per sec) were 
extracted. 
Both datum acquisition and analysis were carried out 
following an automated method described previously 
(Norcia et al., 1989; Kitano et al., 1995). Briefly, the 
amplitude and phase of the second harmonic were 
calculated over a sliding 2-sec window. A discrete 
Fourier transform was calculated and the second 
harmonic was used, because this was the largest 
component at the relatively high temporal frequencies 
we used. The experimental noise was estimated by 
calculating the average amplitude at frequencies 2 Hz 
higher or lower than the response frequency. Six 10-sec 
records were collected for each stimulation condition, 
and their Fourier transforms from the same stimulus 
conditions were averaged coherently in the frequency 
domain, preserving the phase relationship between the 
stimulus and the response. 
Two statistical criteria were used to distinguish signal 
from noise: (1) an amplitude-related measure based on a 
signal-to-noise ratio; and (2) a phase consistency 
criterion calculated across repeated trials. An average 
having a signal-to-noise ratio greater than 3.0 and a phase 
coherency greater than 0.83 (P < 0.01) was taken as a 
significant response. 
Histology 
By passing adirect current of 4 #A (negativity at their 
tips) for 10 sec, small lesions were made at the end of 
recording tracks with microelectrodes. All recording sites 
were recovered on histological sections (50-#m-thick) 
stained for Nissl-substances. Sections neighboring the 
ones which contained the recovered recording sites were 
reacted for cytochrome oxidase histochemistry to visua- 
lize layer 4 (Wong-Riley, 1979). 
RESULTS 
Animals which have been monocularly deprived for 
long periods are precious. To maximize the use of a 
limited number of visually deprived animals, we adopted 
a strategy of collecting several types of data from the 
same animals so that each of them could serve as an 
experimental nimal as well as its own "control". We 
used a combination of transcortically implanted (cannu- 
la) electrodes and a pair of acutely introduced micro- 
electrodes. The cannula was also used to infuse a drug 
solution to silence the cellular activity. In addition, two 
types of contrast-reversal stimuli were used, one 
n°Test /datum type ~.~ 
Single-unit recording 
Ocular dominance 
distribution 
Transcortical recording 
M-sequence stimulation 
Transcortical recording 
Contrast sensitivity 
Recording with 
microelectrode pair 
M-sequence stimulation 
Muscimol infusion 
TABLE 1. Summary of types and sources of data obtained by different methods 
S-218 S-219 
(data not shown) 
bilateral 
bilateral 
(Fig. 5) 
15 sites in3 tracks 
(Fig. 2, 3) 
(data not shown) 
S-502 
bilateral 
(Fig. 1) 
bilateral bilateral 
(Fig. 5) (Fig. 5) 
9 sites in 1 track 
transcortical recording 
and local recording at 
1000 #m subcorticaUy (Fig. 4) 
transcortical 
recording 
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FIGURE 2. Local fieh] potentials differentially recorded with a pair of microelectrodes in area 17 near the projection site of the 
area centralis (S-218). (a) Stimulation ofthe non-deprived ye elicited responses from three neighboring patches (retinotopic 
center, 5-deg and 10-deg eccentricity. Farther eccentricities not tested). When individual patches were stimulated in isolation 
(single-area),  gradual increase in peak latency and a decrease inamplitude were seen with increasing eccentricity (Kitano et 
al., 1994). When all 61 patches were stimulated concurrently (all-area), responses from the three patches strongly attenuated. 
This suggests he presence of strong laterally inhibitory interactions. The FLC (thick arrow) and SDC (thin arrows) were 
distinguishable. (b)Stimulation ofthe deprived eye elicited moderate r sponses with the abnormal waveform and long latencies 
at the central patch (arrow heads) and no response atneighboring patches, regardless ofthe two modes of stimulation. I set: a 
coronal section showing the recording site in the infragranular yers, 1900 ym from the cortical surface in area 17. The center 
of the stimulus array was superimposed on that of the classical receptive field (CRF) of a single unit recorded at the above 
recording site. The dark band indicates layer 4 visualized by the cytochrome oxidase reaction (Wong-Riley, 1979). 
modulated by a pseudorandom -sequence and the other 
modulated periodically. We were thus able to derive two 
sets of data from the same animals, one in the time 
domain from the former and the other in the spatio 
temporal-frequency domain from the latter. The sources 
of various types of data are shown in Table 1. 
Stimulation of  non-deprived eye 
We first studied the ocular dominance distribution in 
two of the three monocularly deprived adult cats, using 
conventional receptive-field mapping of single-unit 
discharges. As reported in the literature on the effect of 
monocular deprivation (e.g., Hubel & Wiesel, 1970; 
Olson & Freeman, 1980), we found the ocular dominance 
distribution early totally shifted to the non-deprived eye 
in these cats (data not shown). Next, from the shifted 
visual cortex, transcortical and local field potentials were 
both differentially recorded in response to contrast 
reversal of bar gratings in 5-deg hexagonal patches. 
Stimulation of the non-deprived eye elicited a large- 
amplitude transcortical response (four sites). The wave- 
form was similar to that seen in normal cortex (Kitano et 
al., 1994), consisting of negativity at ,-~ 50 msec followed 
by a negative shoulder at ~ 80 msec [Fig. l(b), position 
31]. The negative waves seem to correspond to the FLC 
and SDC in the normal cortex, respectively. Measurable 
responses were also elicited from neighboring patches 
stimulated individually [Fig. 1 (b), position 30]. However, 
when all the 61 patches were stimulated concurrently, the 
response was substantially reduced and confined to only 
the central patch [Fig. l(a, b)], as previously seen in the 
normal cortex (Niiyama, Karamatsu, Sutter & Norcia, 
1993; Kitano et al., 1994). 
Our multi-input nonlinear systems analysis method 
allows us to calculate the contribution of each of many 
inputs to the single output sequence (Sutter, 1992; 
Niiyama et al., 1993; Kitano et al., 1994). I f  no 
interactions occur between the different patterns, the 
response licited by stimulation of a given patch should 
be the same, irrespective of the mode of stimulation (i.e., 
single or multiple patches). [When the recording is made 
through a photodiode, for example, this is exactly the 
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FIGURE 3. Responses obtained at four loci along a single recording track of a microelectrode pair. The recording sites (1000, 
1600, 1900 and 2500/~m from the cortical surface) were all in the infragranular layers (inset, S-218). The responses from the 
receptive-field center obtained in single-area stimulation are shown for the non-deprived eye [(a), left panel] and the deprived 
eye [(b), right panel]. Note that both amplitude and waveform were less variable for the deprived-eye r sponses. A gradual 
increase in peak latency along the recording track is indicated by dotted lines. This suggests an increase in conduction delay 
(Kitano et al., 1994) as the recording site moves deep in the medial bank away from the cortical representation f the stimulus 
location. The data in Fig. 2 were recorded from the same site (subcortical depth, 1900 #m) as those shown in the third row of this 
figure. 
case with a small regional variability caused by the 
luminance imbalance associated with positioning of bar 
gratings at each of many stimulus patches (Appendix: 
Fig. I, Kitano et al., 1994)]. Therefore, any significant 
difference in the response amplitude and waveform 
between responses obtained from the same patch under 
single- and all-area stimulation must be due to nonlinear 
neural interactions. For stimulation of the non-deprived 
eye the amplitude of the response from the central patch 
was reduced in all-area stimulation. We therefore 
interpreted this reduction as being due to the presence 
of strong lateral inhibitory interactions caused by multi- 
ple stimuli presented in the periphery outside the CRF. 
Recording from a smaller cortical mass with a pair of 
microelectrodes produced similar results (24 sites). As 
exemplified in Fig. 2(a), single-area stimulation elicited a 
retinotopic FLC centered on the CRF of single-unit 
discharges, and the non-retinotopic SDCs were readily 
found by stimulating outside of the central patch. In all- 
area stimulation, however, only small retinotopic re- 
sponses were obtained [~ 60% reduction, first negative 
peak at ,~50 msec in Fig. 2(a), upper traces]. The 
strength of the inhibitory interactions, that is, the 
amplitude reduction with all-area stimulation, was less 
conspicuous than that seen in the transcortical recording 
[~80% reduction, Fig. l(b)]. A relatively strong 
response was elicited by stimulation of a single patch at 
5 and 10 deg, peaking at ,-~80 msec [Fig. 2(a)]. This 
corresponds to the ,-, 80 msec shoulder of the response 
elicited at the center. Amplitude reduction of this 
response component upon all-area stimulation was 
80% and ~-100% at 5 and 10 deg, respectively. The 
extent of-reduction at~ 5 deg was comparable with or 
slightly less than that seen for transcortical potentials 
(almost 100% reduction) shown in Fig. l(b). In short, the 
characteristics of the responses derived from stimulation 
of the non-deprived eye were comparable with those seen 
earlier in the normal visual cortex (Kitano et al., 1994). 
Stimulation of deprived eye 
Very different results were obtained at the same 
recording sites upon stimulation of the deprived eye, 
irrespective of the size of the recording cortical mass: (1) 
the waveform differed markedly from that of the non- 
deprived eye response. (2) Response latencies were much 
delayed compared with those of the FLCs. (3) Responses 
were confined almost exclusively to the central patch, 
even with single-area stimulation [Fig. l(c,d) and Fig. 
2(b)], suggesting a loss of the extensive receptive field 
represented by the SDCs. (4) At the retinotopic locus, the 
amplitude difference between the single- and all-area 
stimulation modes (i.e., inhibitory interactions) was 
smaller [first positive peak at 50-100 msec, Fig. l(d)] 
than that seen for the non-deprived eye [first negative 
peak -,~50msec, Fig. l(b)]. The amplitude difference 
between the two modes of stimulation became ven less 
when the recording was made from a smaller cortical 
mass [Fig. 2(b)], because of an apparent increase in 
uniformity of the current dipoles with a smaller number 
of contributing elements. These findings taken together 
clearly suggest a substantial weakening of lateral 
inhibitory interactions, in addition to the disappearance 
of the non-retinotopic responses, in the visually deprived 
cortex. 
Recording from the infragranular layers, we noted that 
the responses from the deprived eye were less variable 
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FIGURE 4. Effects of 10 mM muscimol (GABAA-receptor agonist) in saline, directly infused near the recording site at a rate of 
5/d/hr, on response,; atthe central patch (S-219). 10 mM Muscimol was continuously infused through a cannula (30-G 
hypodermic needle) acutely implanted near the recording site. The latter (P 3 mm, L 2 mm) was ~ 2 mm anterior to the former 
(P 5 mm, L 2 mm, D ~ 1 mm). The cannula was connected via tubing (PE 50) to a 50-/~1 Hamilton syringe, and its plunger was 
mechanically advanced using a Harvard syringe pump. Two control records at time zero and 20 min before show the stability of 
the recorded potentiMs. The potentials recorded from a site close (~ 2 mm) to the center of muscimol infusion gradually 
declined to the baseline in time. Inset: geometrical arrangement between the recording microelectrode pair (P 3 mm; L 2 nun) 
and the infusion cannula (P 5 mm; L 2 mm; D ~ 1 mm). AP = 0, the line connecting the tip of the two bony ear cannals 
[Fig. 3(b)] than those from the non-deprived eye [Fig. 
3(a)] over different sites along a single recording track. 
This further suggests that relatively simple mechanisms 
underlie the generation of the abnormal, retinotopic 
responses from the deprived eye. 
Effects of directly infused museimol 
Muscimol suppresses spike discharges of visuocortical 
cells through GABAA-receptor-mediated inhibition (Re- 
iter & Stryker, 1988). In our earlier study we showed that 
direct cortical infusion of either 0.1 mM tetrodotoxin 
(sodium-channel b ocker) or 10 mM muscimol strongly 
reduced the amplitude of steady-state field potentials 
elicited by periodic contrast reversal of bar grating in a 
small patch (Kitano et al., 1995). This finding was 
interpreted as indicating that the steady-state potentials 
generated at the recording site were postsynaptic to the 
LGN afferents. We have carded out similar pharmaco- 
logical experiments using 10mM muscimol to see 
whether m-sequence-modulated local field potentials 
are also postsynaptic n origin. 
Twenty minutes after the start of muscimol infusion, 
the response bipolarly recorded by a microelectrode pair 
from a site --,2 mm (within an effective range of 
~3 mm, Reiter & Stryker, 1988) from the infusion 
center became smaller (Fig. 4). The response was almost 
totally suppressed in 60 min, suggesting that both the 
FLC and SDC are subject to GABAergic control at the 
recording site. The abnormal retinotopic potentials with 
reduced amplitude and delayed latencies elicited upon 
stimulation of the deprived eye, and recorded from the 
same site, were also totally suppressed ( ata not shown). 
It is thus concluded that local field potentials generated 
by retinotopic and non-retinotopic visual stimulation are 
both postsynaptic to LGN afferents. 
Grating acuity and contrast-sensitivity function 
Having found a lack of lateral inhibitory interactions in 
the monocularly deprived cortex, we next recorded 
cortical responses to periodic contrast reversal of bar 
gratings from the same cats with the same pair of 
transcortical bipolar electrodes. Spatial-frequency tun- 
ing, contrast-sensitivity and temporal-frequency function 
were compared between the deprived and non-deprived 
eyes. Mapping the visual field with a 5-deg patch, we 
obtained widely distributed responses for the non- 
deprived eye (data not shown), as seen earlier in normal 
animals (Kitano et al., 1995). 
Little difference was found between the contrast- 
sensitivity functions of the non-deprived and deprived 
eyes [Fig. 5(b,c)]. Furthermore, the cut-off spatial 
frequency (grating acuity) was indistinguishable b tween 
the two eyes [Fig. 5(a,c)], consistent with earlier reports 
(Snyder & Shapley, 1979; Freeman et al., 1983; Bisti & 
Carmignoto, 1986). However, the response amplitude 
was consistently smaller for the deprived eye than the 
non-deprived eye, throughout a range of temporal 
frequencies used in the present study (4-15 Hz). At 
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FIGURE 5. Effects of monocular deprivation, averaged for three cats (S-218, S-219, S-502), on (a) spatial-frequency tuning and 
grating acuity; (b) contrast threshold; (c) contrast-sensitivity function; and (d) temporal-frequency function and phase shift. (a) 
The amplitude and phase of the second harmonic omponent were plotted against the spatial frequency of the stimulus gratings. 
The contrast was set at 80% and the reversal rate was 4 Hz. At low spatial frequencies, response amplitude and phase were 
significantly different between the non-deprived eye (open circles) and the deprived eye (closed circles). However, the spatial- 
frequency resolution (grating acuity) as estimated by cut-off spatial frequency at which a linear extrapolation of the amplitude 
curve crosses the ordinate (~ 3.5 c/deg) did not differ between the two curves. Each datum point is an average of six 
determinations (two hemispheres of three cats) and a vertical bar represents one standard error of the mean at each datum point. 
Statistical evaluation was made by Student's t-test at either P < 0.05 (*) or P < 0.01 (**). No phase information is given at 
higher spatial frequencies, because the amplitude dropped below the noise level. (b) The response amplitude and phase were 
plotted against he Michelson contrast in the logarithm. The luminance contrast was swept from below threshold (0.2%) to 
above threshold (80%). The reversal rate was 4 Hz. The spatial frequency of gratings was set at 0.8 c/deg. At high contrast 
values there were significant differences between the two curves. (c) Contrast-sensitivity function was plotted in the double 
logarithmic scales using five spatial frequency values (0.4, 0.8, 1.2, 1.6, and 2 c/deg) and the cut-off requency on the abscissa. 
No difference was found between the two curves. (d) Temporal characteristics of the second harmonic omponents. The 
amplitude and phase were plotted at seven different recording temporal frequencies (4, 5, 6, 8, 10, 12 and 15 Hz). The spatial 
frequency of the bar gratings was fixed at 0.8 c/deg and contrast was at 80%. At the low temporal frequencies, the response 
phase of the deprived-eye r sponse significantly lagged behind that of the non-deprived eye. The response amplitude was lower 
for the deprived eye over a wide range of temporal frequencies, uggesting the presence of abnormality in the temporal channel. 
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lower temporal frequencies, the response phase of the 
deprived eye was delayed relative to that of the non- 
deprived eye [Fig. 5(d)]. The changes in temporal- 
frequency function may be related to the significantly 
longer esponse latencie, s for the deprived-eye r sponses 
described above (Figs 1 and 2). In short, except for the 
amplitude reduction and the temporal phase delay of the 
contrast-reversal potentials, there were no noteworthy 
changes in spatial characteristics ncluding rating acuity 
in the monocularly deprived cortex. 
DISCUSSION 
The present study described the characteristics of 
residual neural activity in visual cortex of monocularly 
deprived cats. We first confirmed that the ocular 
dominance distribution of single-cell discharges was 
nearly totally shifted to the non-deprived ye (e.g., Hubel 
& Wiesel, 1970; Olson & Freeman, 1980). We next found 
that local field potentials modulated in time by a 
pseudorandom m-sequence were highly abnormal: upon 
stimulation of the deprived eye, the usual retinotopic FLC 
and non-retinotopic SDC were not elicited. Instead, we 
obtained abnormal, long-latency responses that were 
confined to the retinotopic locus of the recording site. 
Local field potentials were totally suppressed by 
muscimol infusion, indicating their postsynaptic origin 
at the recording site. Finally, steady-state potentials 
remained relatively normal, in that the contrast-sensi- 
tivity function was almost indistinguishable b tween the 
deprived and non-deprived eye, though some abnorm- 
ality in temporal-frequency function was noted. 
Abnormal waveform 
The normal FLCs mad SDCs disappeared and were 
replaced by the amplitude-reduced, long-latency poten- 
tials in visual cortex of monocularly deprived cortex. 
These changes can be explained, at least in part, by input 
abnormality. For example, in the LGN of monocularly 
deprived cats, a substantial impairment of Y-cells (e.g., 
Sherman, 1984) was noted earlier (Sherman & Spear, 
1982), probably involving non-lagged X-cells (Hum- 
phrey & Weller, 19881} as well. The loss of the fast- 
conducting LGN afferents to visual cortex could 
contribute ither directly or indirectly to the delayed 
occurrence of field potentials in the present study, since 
substantial disruption of the timing of the incoming LGN 
afferent volley could interfere with temporal summation 
of postsynaptic potentials, including those generated by 
recurrent excitation (Douglas & Martin, 1991). 
The above-mentioned abnormality in the temporal 
dynamics proven by the detailed waveform analysis of 
m-sequence-modulated potentials may run parallel to 
another set of abnormalities in the temporal-frequency 
function based on steady-state potentials: their ampli- 
tudes were consistently smaller for the deprived eye than 
the non-deprived eye, and at low temporal frequencies, 
the response phase for the former was approximately 
180 deg lagged behind ~Lhat for the latter. 
Abnormal retinotopic potentials 
Alternatively, all the abnormalities we found could be 
secondary to the very low sampling incidence of cells 
driven by the deprived eye. Long-range lateral inputs, 
such as those underlying the generation of the SDCs, 
seem to be relatively sparse in normal visual cortex 
(Gilbert, Hirsch, & Wiesel, 1990). Reduction in the 
number of visually driven cells would further educe the 
amplitude of the SDCs to the background level. Thus, this 
process may explain the disappearance of the normal 
FLCs and SDCs, and a reduction of the amplitude of 
responses elicited by stimulation of the deprived eye, but 
not necessarily explain the marked changes in waveform 
including prolonged latencies. The low incidence of 
encountering visually driven spike discharges also cannot 
explain why the abnormal responses were confined to the 
retinotopic locus of the recording site. The presence of 
the abnormal yet retinotopic potentials seems to be 
consistent with the earlier findings of persistent subthres- 
hold afferents in the monocularly deprived cortex (see 
Introduction). 
The marked changes in waveform are characterized by
the persistence ofretinotopic field potentials with delayed 
latencies and reduced amplitude. An intriguing possibi- 
lity is that they primarily represent postsynaptic poten- 
tials generated locally at the recording site in response to 
residual somatic spike discharges of layer-4 cells, where 
most LGN afferents terminate. A few pieces of evidence 
corroborate his conjecture. First, all local field potentials 
recorded in the present study are postsynaptically 
generated at the recording site, as shown by their total 
sensitivity to muscimol infusion (see below). Second, the 
contribution of retinotopic presynaptic activity, i.e., the 
LGN afferent volley, to the abnormal potentials with 
altered waveforms is negligible, since the present 
recording was not specifically tailored for their ecording. 
We used either microelectrodes mainly placed outside 
layer 4 or gross electrodes placed transcortically. Third, a 
substantial proportion of layer-4 cells can be still driven 
by the deprived eye (Shatz & Stryker, 1978). This spike 
activity may create field potentials with simple and less- 
variable waveforms [Fig. 3(b)] from the upper and lower 
laminae, though this drive itself is insufficient to generate 
spike discharges outside layer 4. In the present study, the 
former is detected as retinotopic field potentials having 
reduced amplitude and long latencies. Under this 
condition, the sink-source pattern of the extracellular 
current flow must be very different from that seen in 
normal, in which postsynaptic activity is endowed with 
rich recurrent excitation (Douglas & Martin, 1991). This 
difference is reflected as changes in waveform character- 
istic of retinotopic potentials elicited by the deprived-eye 
stimulation. 
Postsynaptic origin of local field potentials 
Local infusion of recording sites with 10 mM musci- 
mol, a GABAA-receptor agonist, abolishes visually 
evoked spike discharges in a delineated region surround- 
ing the site of the infusion (Reiter & Stryker, 1988), 
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leaving LGN afferent activity intact (Chapman, Zahs, & 
Stryker, 1991). It also abolished the field potentials 
elicited by the same method as used in the present study 
(Kitano et al., 1995). However, the responses shown in 
Fig. 4 were elicited by all-area stimulation, though only 
the response at the central patch was presented. Here, the 
distinction between the FLC and SDC was not always 
obvious. Therefore, it was not immediately clear whether 
the non-retinotopic SDC was also suppressed by 
muscimol, although this was a strong implication. A 
more recent study has shown that the non-retinotopic 
SDCs elicited by stimulation of a remote patch in the 
peripheral field are also strongly suppressed by muscimol 
infusion (Mizobe et al., 1995). Both the FLC and SDC 
are thus likely to be generated postsynaptically at the 
recording site in response to retinotopic and nonretino- 
topic stimuli, respectively. 
Apparent normalcy of  spatial characteristics 
Spatial properties, such as spatial-frequency tuning, 
contrast threshold and the contrast-sensitivity function, in 
visual cortex of monocularly deprived cats seem to 
remain relatively normal, despite the obvious abnormal- 
ities in temporal characteristics mentioned above. These 
findings are partly consistent with earlier eports (Snyder 
& Shapley, 1979; Freeman et al., 1983; Bisti & 
Carmignoto, 1986), though they differ in some detail. 
For example, the contrast-sensitivity function is almost 
the same between the non-deprived and deprived eye in 
our study [Fig. 5(c)], although the earlier studies usually 
showed a substantial loss of sensitivity at lower spatial 
frequencies (Snyder & Shapley, 1979; Freeman et al., 
1983; Bisti & Carmignoto, 1986). The difference may 
reflect hat the steady-state potential method used in our 
study is highly efficient, for example, in maximally 
sorting out the residual sensitivity in the deprived cortex. 
Despite the presence of some resolution deficits in 
LGN X-cells (e.g., Sherman & Spear, 1982; Sherman, 
1984), grating acuity of visuocortical cells remained 
almost normal [~3.5 c/deg, Fig. 5(c)] in monocularly 
deprived cats, confirming earlier electrophysiological 
data (e.g., Freeman et al., 1983; Bisti & Carmignoto, 
1986). However, this estimate is -,~ 3-times higher than 
that obtained by a behavioral method (Lehmkuhle, Kratz, 
& Sherman, 1982). Monocularly deprived cats were 
behaviorally blind when the deprived eye was tested 
(Lehmkuhle et al., 1982). Stimulation of the deprived eye 
elicited the residual field potentials, which were of high- 
spatial bandwidth and of nearly normal amplitude xcept 
at low spatial frequencies, but not single-cell discharges. 
Behavioral acuity, therefore, must depend on stages of 
processing that occur after the site of generation of the 
residual field potentials. One must be cautious in 
interpreting contrast-sensitivity functions derived from 
the residual field potentials recorded from functionally 
altered visual cortex. 
Perceptual relevance 
In addition to the loss of the normal SDC and FLC, 
lateral interactions are strongly reduced in the deprived 
cortex. The loss of the SDC itself indicates a failure of 
one form of lateral signal propagation. Stimulating the 
normal eye, the presence of multiple patterns uppresses 
the SDC, but since the SDC is missing under deprived- 
eye stimulation, it is not possible to determine whether 
the interactions that normally suppress the SDC are 
present or absent. The addition of multiple patterns 
around the retinotoic locus also reduces the amplitude of 
the FLC in normal-eye stimulation (Kitano et al., 1994). 
The reduced activity elicited by stimulation of the 
deprived eye and recorded from the retinotopic locus is 
less affected by the addition of surrounding stimuli. The 
normal modification ofthe FLC by multiple stimuli could 
be based on local, near-neighbor interactions, or it could 
involve long-range interactions as well (Kitano et al., 
1994). 
The present findings eem to be related to a pivotal role 
of lateral interactions inperceived contrast (e.g., Cannon 
& Fullenkamp, 1991; Chubb, Sperling, & Solomon, 
1989), configuration-specific detection-threshold de- 
creases in humans (Polat & Sagi, 1993, 1994; Kapadia, 
Ito, Gilbert, & Westheimer, 1995) and the context- 
dependent modulation of single-cell activity tested under 
various experimental designs (Knierim & Van Essen, 
1992; Li & Li, 1994; Kapadia et al., 1995; Mizobe, Polat, 
Kasamatsu, & Norcia, 1996). Consistent with this notion, 
psychophysical nd evoked-potential evidence (Polat, 
Sagi, & Norcia, 1997) was presented in human 
amblyopes for the disruption of orientation-dependent 
lateral interactions. 
Thus, the involvement of lateral interactions in visual 
perception is well-established, though there is much to be 
learned about its neural mechanisms. Long-range signals 
such as those reflected by the SDC may play some of the 
same roles attributed to gamma-range cortical oscilla- 
tions (e.g., Singer & Gray, 1995) in linking similar 
features over substantial distances to provide contextual 
information for local computations. However, the under- 
lying mechanism ofthe lateral interactions shown by the 
SDC may be related to but not be the same as that of the 
ganmaa-range oscillations: the gamma oscillations are 
stimulus-evoked but not necessarily stimulus-locked as is 
the SDC. 
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